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Differential effects of strength versus power training on bone
mineral density in postmenopausal women: a 2-year
longitudinal study
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Objectives: To investigate the effect of two different schemes of loading in resistance training on bone mineral
density (BMD) and pain in pretrained postmenopausal women.
Methods: 53 pretrained women (mean (SD) age 58.2 (3.7) years) who carried out a mixed resistance and
gymnastics programme were randomly assigned to a strength training (ST) or power training (PT) group. The
difference between the two groups was the movement velocity during the resistance training (ST, 4 s
(concentric)/4 s (eccentric); PT, explosive/4 s). Otherwise both groups carried out periodised progressive
resistance training (10–12 exercises, 2–4 sets, 4–12 repetitions at 70–92.5% of the one-repetition maximum
(2/week) for 2 years. Mechanical loading was determined with a force measuring plate during the leg press
exercise. At baseline and after 2 years, BMD was measured at different sites with dual x-ray absorptiometry.
Pain was assessed by questionnaire.
Results: Loading magnitude, loading/unloading rate, loading amplitude and loading frequency differed
significantly (p,0.001) between the two groups. After 2 years, significant between-group differences were
detected for BMD (PT, 20.3%; ST, 22.4%; p,0.05) and bone area (PT, 0.4%; ST, 20.9%; p,0.05) at the
lumbar spine. At the hip, there was a non-significant trend in favour of the PT group. Also the incidence of
pain indicators at the lumbar spine was more favourable in the PT group.
Conclusion: The results show that PT may be superior for maintaining BMD in postmenopausal women.
Furthermore, PT was safe as it did not lead to increased injury or pain.

L
ow bone mineral density (BMD) is a major risk factor for
osteoporotic fracture. Therefore prevention of age-related
bone loss is important, in particular, during the critical

phase of the menopause. Recent meta-analyses of exercise
studies have confirmed the positive effect of physical exercise
on BMD in postmenopausal women.1–4 It is doubtful, however,
whether the most effective strategy to maintain or regain BMD
has yet been found.

Results from cross-sectional studies with athletes of different
sports disciplines show that high-impact load-bearing activities
such as sports competitions and gymnastics5–8 and activities
associated with high muscular tension such as weightlifting7 9–11

are related to high BMD. For optimisation of exercise regimens,
two main components have to be considered: the differential
impact of the various mechanical stimuli on bone, and the
differential generation of these stimuli by specific physical
activities or exercises.

Strength is the capacity of muscle to generate force, and
power is defined as the product of force and velocity. Thus
power training (PT) is characterised by a high velocity of
muscle shortening. The focus of this study is quantification of
the mechanical loading characteristics of strength training (ST)
versus PT, and investigation of the effect of these two training
types on BMD in postmenopausal women. We hypothesise that
a high movement velocity (PT) results in more pronounced
stimulation than a low movement velocity (ST) by producing
higher strain rates. On the basis of this hypothesis, we further
assume that PT is more effective in maintaining BMD in
postmenopausal women. As PT is characterised by explosive
muscle contractions which produce higher stress on tendons
and joints, it may have a higher risk of discomfort, pain and
injury. Thus, we also determined the exercise-related incidence
of pain by analysing pain intensity and frequency at different

skeletal sites. We here report the 2-year results of a study in
pretrained postmenopausal women. The first-year results have
been published elsewhere.12

METHODS
This study was approved by the ethics committee of the
University of Erlangen (Ethik Antrag S21-22112-81-00) and the
German and Bavarian radiation safety agencies (Bundesamt für
Strahlenschutz: Z2.1.2-22462/2-2002-016).

Subjects
Fifty three osteopenic postmenopausal woman (mean (SD) age
58.2 (3.7) years; 4–11 years post menopause) who had
participated in the training arm of the EFOPS study for 3
years13 were group-wise randomly assigned to an ST (n = 28) or
PT (n = 25) programme. Before the beginning of the study,
none of the subjects had any diseases or took any medication
that affected bone metabolism.

Intervention programme
Both groups carried out two supervised sessions of resistance
training (60 min/week), one supervised session of gymnastics
(60 min/week) and one non-supervised home training session
(20 min/week). On the basis of calcium and vitamin D results
from an individual nutritional analysis, participants received
supplemental calcium and vitamin D to ensure a total daily
intake of 1500 mg and 500 IE, respectively.

Abbreviations: 1RM, one-repetition maximum; BMD, bone mineral
density; PT, power training; ST, strength training
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Weightl if t ing session
Each resistance training session consisted of three sequences:
20 min warm-up programme (low/high-impact aerobic at 70–
85% of maximum heart rate), short jumping sequence (4615
multidirectional jumps), resistance sequence (40 min).14 In the
high-intensity, periodised weightlifting programme, all main
muscle groups were trained on machines (Technogym,
Gambettola, Italy). The following dynamic exercises were used:
horizontal leg press, leg curls, bench press, rowing, leg
adduction and abduction, abdominal flexion, back extension,
lat pulley, hyperextension, leg extension, shoulder raises and
hip flexion. A progressive, periodised design was used, which
was characterised by 12-week periods of high-intensity training
(70–92.5% of the one-repetition maximum (1RM)) interspersed
with 4–5 weeks of lower training intensity (50% of 1RM)
ensuring enough time for adaptation and regeneration.

The only difference between the ST and PT study arms was
the velocity with which the exercises were carried out. In the ST
mode, movements were performed in a 4 s (concentric)/4 s
(eccentric) scheme. The subjects in the PT group were
instructed to perform the concentric part ‘‘as fast as possible’’,
whereas the eccentric period was to be carried out slowly (4 s).
In the home training and gymnastics sessions described next,
there were no differences between ST and PT.

Gymnastic session
The purpose of the weekly gymnastic programme was to
improve fall-related abilities, in particular balance and coordi-
nation, strength, endurance and flexibility. The session started
with aerobics or games, followed by balance exercises. Further
isometric and dynamic strength exercises for the trunk,
shoulders and arms were performed, partly using elastic bands.
At the end of the session, stretching exercises were carried out.

Home training session
All participants were requested to carry out a 20 min home
training session once a week. In this session, subjects received
written instructions to perform selected strength and stretching
exercises also carried out in the gymnastic session.

Measurements
Characterisation of differential mechanical loading
At 6 months into the study, when the subjects had become
accustomed to the new training modality, reaction forces were
evaluated in 16 members of the PT group and 18 members of
the ST group with a force plate (mtd-Systems, Neuburg v Wald,
Germany) during the leg press procedure. Force–time curves
were recorded over six repetitions carried out with loads
corresponding to ,75% of 1RM. From these curves, loading
magnitude, amplitude, frequency and maximum loading and
unloading rates were extracted and compared between PT and
ST groups.

The loading magnitude was defined as the mean of the six
force maxima normalised by the lifted weight (fig 1).
Analogously the loading amplitude was calculated as the mean
of the differences between the six maxima and minima
normalised by lifted weight (fig 1). The maximum loading
and unloading rates (N/ms) were determined from the
derivatives and calculated as mean rates of the six maxima or
the six minima, respectively. Spectral loading characteristics
were assessed by decomposing the force–time curves into
sinusoidal components using fast Fourier transforms. The
decomposition gave the dependence of force on frequency,
the so-called frequency spectrum of the force. For the statistical
analysis, the frequency spectrum between 0 and 3 Hz, which is
the range of relevant amplitudes, was divided into six intervals
of 0.5 Hz each. Finally, a Fourier synthesis was performed to
analyse the contribution of each 0.5 Hz interval to the original
signal.

Bone densitometry
BMD at the lumbar spine (L1–L4), the proximal femur (total
hip and sub regions) and the forearm (distal forearm and
ultradistal radius) were measured at baseline and after 1 year
and 2 years by dual x-ray absorptiometry (QDR 4500A; Hologic,
Bedford, MA, USA) using standard protocols.

Pain
Pain frequency and intensity at various skeletal sites (spine
segments, big joints, small joints) were assessed at baseline and
after 1 year and 2 years by a questionnaire described by Jensen
et al15 and the Osteoporosis Quality of Life Study Group.16

Anthropometric data
Weight and body composition was assessed using impedance
scales (Tanita BF 305; Tanita, Tokyo, Japan).

Maximum strength
Maximum isometric strength of the trunk extensors and flexors
was determined using a Schnell M-3 dynamometer (Schnell,
Peutenhausen, Germany). Maximal dynamic muscle strength
of the legs (leg press) and the chest (seated bench press) was
determined at the training machines using 1RM tests.

Nutrit ional data
Individual dietary intakes were assessed from a 5-day diary
analysed using Prodi-4,5/03 Expert software
(Wissenschaftlicher Verlag, Freiburg, Germany).

Statistical analysis
The Kolgomorov–Smirnov test was used to check for normal
distribution. Homogeneity of variance was determined using
the Levine F-test. Student t tests were used to compare the
baseline characteristics of the two groups. Changes between
baseline and follow-up within the groups were analysed by

Figure 1 Characteristic force–time curves
for strength training (A) and power training
(B). The maxima and minima of each
repetition are marked by small circles.
Maximal loading and unloading rates are
marked for each repetition by small
triangles. The dashed line indicates the force
due to body weight.
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paired t tests. Within-group changes were calculated as
percentage changes; unpaired t tests were used to compare
these differences in the two groups. For variables that were not
normally distributed, Wilcoxon or Whitney-Mann U tests were
applied instead of t tests. Because of the multiple test problem,
we also performed a two-way analysis of variance with repeated
measures. The type of resistance training (PT versus ST) was
used as between-group factor, and the time between baseline
and follow-up visit was used as within-group factor. The results
of the two statistical methods were identical. All tests were
two-tailed, and a 5% probability level was considered sig-
nificant. We used SPSS V.12.0 (SPSS Inc, Chicago, Illinois,
USA) for statistical analysis. The fast Fourier transformation
and spectral analysis of the force–time curves were carried out
in Excel 2003 (Microsoft Corp).

RESULTS
At baseline, 53 women were included in the study. Five subjects
dropped out during the 2 years of intervention for personal
reasons. Another two subjects were excluded from the data
analysis because they had developed a disease that affected
bone metabolism. Thus 24 women from the ST group and 22
women from the PT group were included in the analysis.

The attendance rate was similar in the two groups: 2.2 (0.4)
sessions per week in the ST group and 2.3 (0.5) sessions in the
PT group. Table 1 shows anthropometric and nutritional
baseline data for both groups, and table 2 compares osteoden-
sitometric and muscle-strength variables at baseline. Except for
leg press values (p,0.05), no significant group differences were
detected.

Mechanical loading of power and strength training
Figure 1 shows two characteristic force–time curves, one for a
subject in the ST group (A) and one in the PT group (B). As a

consequence of the explosive muscle contraction, the curves are
quite different, with higher maxima and minima and higher
frequencies in the PT group. Compared with the ST group, the
PT group showed a 16% higher relative loading magnitude, a
82% higher relative loading amplitude, and 262% (612%)
higher loading (unloading) rate. All differences were highly
significant (p,0.001).

Figure 2 shows the results of the frequency analysis. It can be
seen that in the ST group the 0–0.5 frequency range accounts
for most of the original signal (74%), whereas in the PT group
there are high amplitudes from 0 to 2.5 Hz. In the PT group,
frequencies greater than 1 Hz account for 77% of the signal
compared with 14% in the ST group. The differences between
the groups were highly significant for all variables (p,0.001).

Osteodensitometry
Figure 3 illustrates the results of the osteodensitometric
measurements as percentage changes between baseline and
year 2 for BMD and area. Figure 3A shows the results for the
lumbar spine (L1–L4). Whereas the ST group lost BMD and
area significantly, there were no differences in the PT group.
Between-group differences were significant for both variables.
Figure 3B shows the corresponding results for the total hip,
femoral neck and trochanter. The ST group significantly lost
BMD at the total hip and femoral neck. However, between-
group differences were not significant. At the forearm (fig 3C)
no changes were observed at all.

Pain and injuries
Figure 4 gives results for pain frequency and intensity in the
lower back and big joints (hip, knee, shoulder). These regions
in particular were loaded during our resistance training
regimen. In the ST group, a significant increase in pain
intensity at the lumbar spine was observed, whereas a slight

Table 1 Anthropometric and nutritional data at baseline for subjects in the strength training
(ST) and power training (PT) groups

Variable ST (n = 24) PT (n = 22)

Age (years) 59.04 (3.76) 57.35 (3.63)
Time after menopause (years) 4.50 (2.29) 4.48.1 (2.37)
Height (cm) 165.4 (6.8) 163.8 (6.6)
Weight (kg) 65.8 (10.4) 69.9 (8.7)
Body fat (%) 34.9 (6.7) 36.3 (5.8)
Energy intake (kJ/day)* 8918 (2388) 8757 (1122)
Protein intake (g/day)* 74.0 (19.3) 78.0 (13.6)
Calcium intake (mg/day)* 1285 (369) 1247 (397)
Phosphorus intake (mg/day)* 1491 (403) 1488 (270)
Vitamin D intake (mg/day)* 3.26 (3.09) 4.09 (3.79)

Values are mean (SD).
*Data from 5-day dietary records.

Table 2 Osteodensitometric and maximum muscle-strength variables at baseline for subjects
in the strength training (ST) and power training (PT) groups

Variable ST (n = 22) PT (24)

DXA lumbar spine (g/cm2) 0.869 (0.075) 0.864 (0.078)
DXA total hip (g/cm2) 0.862 (0.090) 0.848 (0.056)
DXA ultradistal radius (g/cm2) 0.399 (0.052) 0.411 (0.047)
Maximum isometric trunk flexion (N.m) 73.04 (15.80) 75.27 (14.69)
Maximum isometric trunk extension (N.m) 137.9 (24.3) 136.4 (29.0)
Maximum dynamic leg press (kg) 176.9 (30.4) 201.5 (37.5)*
Maximum dynamic bench press (kg) 46.13 (7.31) 48.95 (8.81)

DXA, dual x-ray absorptiometry.
Values are mean (SD).
*Significant between-group difference (p,0.05).
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non-significant decrease was found in the PT group. This
resulted in a significant between-group difference for pain
intensity in the lumbar spine. At the spine, similar but
insignificant results were found for pain frequency. For the
big joints, a significant decrease in pain frequency was even
observed in the PT group. No significant within-group or
between-group differences could be detected for pain in the
small joints or the thoracic or cervical spine.

DISCUSSION
In our 2-year exercise study in postmenopausal woman, we
determined the differential effects of PT versus ST. The first aim
was of a technical nature: to show that a difference in training
velocities translated into differential effects of the mechanical
loading stimuli. The main hypothesis was based on the
assumption that different mechanical stimuli result in differ-
ences in BMD in our groups of postmenopausal women.

We found a significant impact of the training scheme on the
loading stimuli varying from 16% to 611% between the PT and
ST group. The effect on loading magnitude was lowest; the
effect on loading and unloading rate was highest. However,
these results do not answer the question whether loading
parameters determined by measuring external reaction forces
can be used to estimate internal loading and strain of bones.
There is not much literature on this topic. Bassey et al17

simultaneously determined ground reaction and internal forces
at the proximal femur via an instrumented hip implant during
different activities (walking, jumping, jogging). They found
that the ground reaction forces were significantly related to the
internal peak force and the internal force rate. As the bone
strain is directly proportional to the applied force,18 we conclude
that the external reaction forces can be used to estimate the
internal forces and the resulting bone strains of loaded bones.

There are very few human studies that have quantified the
effect of specific mechanical stimuli on bone. The studies that
do exist almost exclusively focus on loading magnitude and
investigate the effect of low versus high intensity resistance
training.19–24 One study showed that high-impact (jumping)
exercises were significantly more efficient in positively affecting
BMD than low-impact exercises but did not quantify the
loading rate.19 To our knowledge, the present study is the first
longitudinal human study that quantifies the mechanical
loading of different training strategies in combination with
analysis of the BMD.

In contrast with human studies, numerous published animal
studies have investigated the influence of mechanical stimuli
on bone. Their results are very useful in the discussion of the
outcome of our study. The isolated effect of strain magnitude

was analysed in two studies using the isolated avian ulna
model.25 26 In accordance with the mechanostat theory,27 at a
threshold of about 1000 me, bone formation was enhanced and
the newly formed bone increased approximately linearly with
strain magnitude.

The isolated influence of the strain rate is addressed in
several publications. All show that a higher strain rate is
associated with a higher adaptive bone response.28–30 Two
studies compared the mechanical loading characteristics of
walking, running (low-impact exercises) and drop jumps
(high-impact exercises) at the tarsometatarsus of roosters.31 32

Compared with walking and running, drop jumps produce only
moderately higher strain magnitudes (+30% and +11%,
respectively) but much higher strain rates (+740% and
+256%, respectively). In contrast with treadmill running, drop
jumps increased bone formation significantly. These results
emphasise the importance of strain rate. Another study using
the rat ulna loading model shows that loading and unloading
rates are of equal importance for stimulating bone formation.33

The isolated assessment of mechanical stimuli is not easy,
and studies must be interpreted carefully. For example, in the

Figure 2 Contribution of the six 0.5 Hz frequency intervals to the total
signal in the strength training (ST) and power training (PT) group. Values
are mean (SD). Significant between-group differences are marked with
asterisks.

Figure 3 Percentage changes in bone mineral density (BMD), measured
by dual x-ray absorptiometry, between baseline and year 2 at (A) the
lumbar spine (L1–L4), (B) the proximal femur and (C) the forearm in the
strength training (ST) and power training (PT) group. Values are mean
(SD). Significant between-group differences are marked with asterisks.
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study of Turner et al30 mentioned above, the loading rate was
increased by raising the loading amplitude (0, 18, 36, 54 N) of a
sinusoidal loading at constant loading magnitude (54 N). In
other words, there was not complete unloading. The enhanced
bone formation may be attributed to a combination of higher
strain rates and higher strain amplitudes. There is some
speculation that there may be an important role for strain
amplitude in increasing fluid flow, which some researchers
suggest is a key stimulus of mechanotransduction.34

The fourth stimulus investigated in our study was loading
frequency. Most animal studies have shown an increase in bone
formation rate with increasing frequency.35–37 However, most
used much higher frequencies (10–50 Hz) than those that
result from exercise, which are predominantly in a range up to
3–4 Hz (fig 2). Thus the results of these animal studies are more
relevant for the construction of vibration platforms.38–41

However, one animal study used loading frequencies between
0.2 and 2.0 Hz.37 It showed that higher frequencies were
associated with higher osteogenic response.

In summary, all these studies indicate that PT should be
more effective than ST in stimulating the mechanosensitive
bone cells and in inducing bone adaptation, be it through the
pathways of higher loading magnitude or amplitude, higher
loading and unloading rate, higher frequency, or a combination
of these factors. Overall, our study results confirm this

conclusion. After 2 years, there was a significant BMD loss at
the spine in the ST group versus no loss in the PT group, and in
the proximal femur there was a trend of a greater BMD loss in
the ST group compared with the PT group. Between-group
differences reached significance at the lumbar spine.

Unfortunately, we did not use more sophisticated techniques
to investigate BMD or bone structure changes such as
quantitative CT or high-resolution MRI. Thus, for example,
differential effects on cortical and trabecular bone could not be
investigated. Interestingly, the 2-year results were slightly
different from the 1-year data12 in significant between-group
differences at the lumbar spine and total hip. After 1 year, total
hip BMD in the PT group was constant (0.0 (1.7)%, NS); after 2
years, we found a small decrease of 20.8 (1.3)% that was still
not significant. In contrast, the decrease in the ST group was
similar in both years (year 1, 21.2 (1.5)%, p,0.01; year 2, 21.3
(2.5)%). A cautious, although not statistically proven, inter-
pretation of our results might conclude that the superior effect
of the PT in the first year was eroded in the second year. This is
suggested by the fact that, in the spine area in the PT group, a
slight BMD increase (+0.7 (2.1)%, NS) after year 1 turned into a
small decrease (20.4 (2.2)%) in the second year. Again the use
of more advanced techniques such as quantitative CT may be
preferable to dual x-ray absorptiometry to clarify this questions.

This may indicate habituation effects, also observed by other
authors,22 42–44 and support the model of Schriefer et al45,
according to which bone adapts mainly to changes in its
mechanical environment based on the principle of cellular
accommodation. All women that participated in our study had
previously exercised in the EFOPS programme. Compared with
ST, PT was an unaccustomed stimulus and therefore initially
was more effective at maintaining BMD. In the second year, the
women had become accustomed to the new training stimulus
and PT lost its superiority. However, as this possible inter-
pretation of our results is not backed by hard statistical
evidence, we will not discuss it further.

There are very few intervention studies using PT in older
people,46–55 and this may be one reason why the overall benefits
of PT in this age group are controversial. Obviously, PT results
in greater stress on muscles, tendons and joints and may thus
imply a higher risk of injuries. Thus older people are generally
advised to perform weightlifting exercises with low movement
velocity.56

In our study, there was no increased incidence of injury or
pain associated with the high movement velocity. We attribute
this to the fact that our subjects were pretrained and well
adapted to high-intensity resistance at the study start. In the
preceding EFOPS training, the subjects performed a progressive
weightlifting programme over a period of 3 years. We further
attribute these results to the periodised design, characterised by
12-week periods of high-intensity training (70–92.5% of 1RM)
interspersed by 4–5 weeks of lower training intensity (50% of
1RM) ensuring enough time for adaptation and regeneration.

Figure 4 Pain frequency (A) and pain
intensity (B) at baseline and year 2 at the
lumbar spine and big joints in the strength
training (ST) and power training (PT) group.
Values are mean (SD). Significant within-
group changes are marked with an asterisk.

What is already known on this topic

N Physical activity and sport positively influence bone
mineral density (BMD).

N High-impact load-bearing exercises and high-intensity
strength training are more effective than endurance and
low-impact/intensity training.

N Bone is sensitive to several mechanical loading variables
such as loading magnitude, rate and frequency.
However, in vivo, their differential effects on bone are
not fully understood.

What this study adds

N This study investigates the effect of the movement velocity
during weightlifting training on mechanical loading
variables and compares the effects of strength and
power training on BMD.

N Higher movement velocity, in particular, results in higher
loading rates and is more effective at the lumbar spine
but not at the hip.
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However, we admit that, to date, little is known about the
long-term effects of PT in older subjects, and consequently it is
too early to generalise PT recommendations for this group.

In summary, this study shows that, at least at the spine, PT
was superior to ST with respect to increasing BMD, and
therefore may have greater potential for preventing osteoporo-
sis. It can be assumed that, for healthy older people who can
tolerate high-intensity training, a resistance programme with
PT may not only benefit bone but also be beneficial in
improving physical function and enhancing everyday func-
tional abilities.49 51 57–60 Our results suggest that there should be
no increase in pain and injury if sufficient slow adaptation to
this strenuous training is allowed.
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. . . . . . . . . . . . . . . COMMENTARY . . . . . . . . . . . . . . .

A detailed description of an exercise programme is often
required by our patients. This paper is one of the first to show
the different effects of two training regimens performed with
the same equipment. Osteoporosis and falling are the most
common causes of fractures in older people, and exercise plays
an important role in their prevention. To find the most efficient
exercise regimen for each individual subject is required. Power
training may be a good option for preserving bone mass in
postmenopausal women.
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